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Departamento de Quı´mica e Bioquı´mica, Faculdade de Cieˆncias, Universidade de Lisboa, Lisbon, PortugalABSTRACT To our knowledge, we present the first constant-pH molecular dynamics study of the neuropeptide kyotorphin in
the presence of an explicit lipid bilayer. The overall conformation freedom of the peptide was found to be affected by the inter-
action with the membrane, in accordance with previous results using different methodologies. Analysis of the interactions be-
tween the N-terminus amine group of the peptide and several lipid atoms shows that the membrane is able to stabilize both
ionized and neutral forms of kyotorphin, resulting in a pKa value that is similar to the one obtained in water. This illustrates
how a detailed molecular model of the membrane leads to rather different results than would be expected from simply regarding
it as a low-dielectric slab.INTRODUCTIONBiological systems are strongly dependent on pH, whose
effect on the ionization state of biomolecules conditions
their stability, binding, catalysis, and other functional fea-
tures (1). The ionization state of the protonatable groups
in biomolecules is determined not only by its intrinsic chem-
ical affinity for the proton, but also by the balance between
polar and nonpolar interactions established with its sur-
rounding environment. The pKa values of protonatable
groups can thus deviate significantly from their typical
values in solution, depending on whether they are buried
or exposed to the solvent, interacting with polar or ionized
groups, etc., making their theoretical/computational predic-
tion a challenging task (2–6). Because such effects vary
with the particular conformation of the biomolecule and
its mode of interaction with the environment, a strong
coupling may exist between its protonation and the general
structural arrangement, further complicating predictions.
This coupling can be addressed with constant-pH molecular
dynamics (CPHMD) methods (7–13), which perform a joint
sampling of protonation states and configurations of the so-
lute and solvent during the simulations. In particular, the
stochastic CPHMD has proven over the last decade to be a
powerful approach to capture the protonation-conformation
coupling in biomolecules (3,4,7,14–23). The environment of
a biomolecule may change drastically upon its interaction
with a biological membrane bilayer, which can thus also
affect its protonation state. A simplistic view is to regard
the membrane as an essentially hydrophobic medium that
will tend to stabilize the neutral forms of protonatableSubmitted September 19, 2014, and accepted for publication March 26,
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0006-3495/15/05/2282/9 $2.00groups, in which case it can be modeled as a structureless
slab of low dielectric constant (24–29). However, although
still a popular one, this view totally neglects the bilayer in-
homogeneity arising from the amphiphilic nature of lipid
molecules, thus ignoring how the interacting molecule
may partition differently between the nonpolar region of
the aliphatic tails and the polar/charged region of the head-
groups. Furthermore, this partition will in general be depen-
dent on the ionization state of the solute protonatable
groups, meaning that the interaction process should be
considered taking into account the coupling between the
protonation state of the interacting molecule and its confor-
mation and placement relative to the bilayer. Although such
effects are difficult to address experimentally, they can be
studied using computational methods. Poisson-Boltzmann
(PB) calculations using explicit bilayers have been previ-
ously performed and validated using experimental data
(30). Using a linear response approximation (LRA), Machu-
queiro et al. (5) also observed that kyotorphin (KTP), a
small endogenous neuropeptide (Tyr-Arg), exhibits a
strong coupling between the protonation state of its N-termi-
nal amino group and its interaction mode with a 1,2-dim-
yristoyl-sn-glycero-3-phosphocholine (DMPC) membrane.
Interestingly, this study found the membrane strongly stabi-
lizing both the ionized and neutral forms, relative to aqueous
solution, with those effects canceling out and resulting in
a pKa value essentially identical to the one in solution.
This is an unexpected result under the popular dielectric
slab view, showing the usefulness of using detailed simula-
tion methods. However, the LRA approach is essentially a
single-group methodology and cannot be easily extended
to address the joint protonation equilibrium of multiple
groups, relying also on the assumption of quadratic poten-
tials of mean force and on a somewhat empirical choice ofhttp://dx.doi.org/10.1016/j.bpj.2015.03.052
Constant pH MD of KTP in a Lipid Bilayer 2283dielectric constant for nonsolvent regions (31–36). Thus,
CPHMD is clearly a useful approach to study the effect of
membrane environments on biomolecules.
This work has several major objectives. The first is to
extend CPHMD simulations to simulate systems including
membrane bilayers. This is done within the framework of
our stochastic titration method (3,4,7,14–23), whose explicit
inclusion of solvent molecules ensures a detailed treatment
of the water-bilayer interface. This study restricts the (de)
protonation events to the nonlipid molecules, although their
extension to the lipid molecules is currently being ad-
dressed. The second objective of this work is to further study
the interaction between KTP and a DMPC bilayer, investi-
gating if the indifference of the protonation equilibrium
to the internalization in the membrane, previously found
with a LRA approach, is still observed using CPHMD.
Furthermore, the binding of KTP to its opioid receptor
seems to be mediated by the membrane (5,37), making it
important to understand if the latter induces any structural
and/or charge modifications on the peptide (38). Thus, a
third objective of this work is to examine the membrane-
induced changes on the structural features of KTP, in terms
of its conformation and internalization into the membrane; a
comparison with the structure of morphine, which also binds
to an opioid receptor, is also done.MATERIALS AND METHODS
CPHMD
The stochastic titration method (3,4,7,14–23) is composed by sequential
blocks: the first block consists of a PB/Monte Carlo (PB/MC) calculation
in which a finite-difference PB method is used to calculate the protonation
free energies, which in turn are used by a MC method to sample the proton-
ation states. The protonation states from the lastMC step are then assigned to
the solute. A solvent relaxation dynamics step is then employed, which is a
molecular mechanics/MD (MM/MD) simulation of the systemwith a frozen
solute and membrane, allowing the solvent to freely adapt to the changes in
the protonation state occurring in the previous block. The duration of this sol-
vent relaxation step will be referred to as trlx. The third block is a full MM/
MD simulation of the unconstrained system, and its duration is termed tprt.
The cycle is then restarted.We note that this method does not directly satisfy
detailed balance, which is only a sufficient condition to obtain invariant dis-
tribution; instead, as discussed in Baptista et al. (7) and Swail et al. (13), the
intended joint distribution of protonation states and conformations/configu-
rations is ensured through the individual invariance of the corresponding
conditional and marginal distributions with respect to PB/MC and MM/
MD moves, thus obeying proper statistical mechanics. As discussed also in
Baptista et al. (7) and Swail et al. (13), the solvent relaxation used to switch
from the PB solventmodel to theMMsolventmodel assumes that a represen-
tative solvent configuration at fixed solute conformation and protonation can
be obtained by running a small MM/MD segment from the previous solvent
configuration; this is a physically reasonable assumption, corroborated by
the good results obtained so far (3,7,13,22).
As previously described (22), PB/MC calculations are done using the
reduced titration method (39), except every 50th cycle, when a full titration
step is performed. This consists of a PB/MC calculation being performed
over all sites to assign a fixed state to all those who are found to be not
titrating according to a preestablished criterion, i.e., sites whose mean oc-
cupancies are either above 0.999 or below 0.001 are considered fixed untilreevaluated by a new reduced titration step, thus improving the computa-
tional speed by temporarily excluding sites that are not actively titrating
at some simulation pH values.
For the water system, we used trlx ¼ 0.2 ps and tprt ¼ 2 ps as in previous
implementations (3,4,7,14–23). For the membrane system, we used trlx ¼
0 ps and tprt ¼ 10 ps, which resulted in a bypass of the solvent relaxation
step. When using several values for trlx, we found that with the solute
and membrane in a frozen state, water was able to permeate the membrane,
which led to high area per lipid values consistent with membrane destabi-
lization and eventually rupture. The increase in tprt was also required for the
membrane to remain in a liquid-crystalline phase. Data were stored every
tprt, i.e., every 2 ps for the water system, and every 10 ps for the membrane
system.PB/MC
Finite-difference linear PB calculations were performed using version 2.2.0
of the MEAD program (24). A temperature of 310 K and an ionic strength
of 0.1 M were used. The molecular surface was defined with a solvent probe
radius of 1.4 A˚, and a Stern ion-exclusion layer of 2.0 A˚. A dielectric con-
stant of 2 was used for the solute and membrane, and a dielectric constant of
80 was used for the solvent. A three-step focusing procedure was used, with
the following grids: 613 spaced 2.0 A˚, 813 spaced 1.0 A˚, and 653 spaced
0.25 A˚. The atomic charges and radii used for the peptide and lipids
were derived from the GROMOS 53A6 force field (40) using a previously
described procedure (41). In particular, each atomic radius was taken as half
of the distance between that atom and a water molecule corresponding to a
Lennard-Jones energy equal to 2RTabove the minimum; this procedure was
found to yield good results in LRA and CPHMD simulations of soluble pep-
tides/proteins (3–5,15–17,19–23) and was thus adopted here also for the
lipids. The pKa values used for the model compounds were obtained as
previously described (14), using the experimental data from Pace and
co-workers (42,43), and the atoms we considered to be part of the model
compound were also redefined, as previously done (5). Before the PB cal-
culations on each MD frame, the bilayer was centered in the z coordinate of
the simulation box, whereas the peptide was centered on the xy plane.
The MC calculations were performed with the PETIT 1.5 program
(44,45), using 105 MC cycles, with each cycle consisting of sequential state
changes over all individual sites and pairs of sites with at least one interac-
tion term above 2.0 pKa units (44).MM/MD
Simulations were performed using a modified (22) GROMACS 3.2.1 pack-
age (46,47) and the GROMOS 53A6 force field (40). The simple point
charge water model (48) was used. Periodic boundary conditions were
used with a rhombic dodecahedral unit cell for the water system and with
a tetragonal unit cell for the membrane system. The van der Waals interac-
tions were treated using a twin-range method (49) with short- and long-
range cutoffs of 8 A˚ and 14 A˚, respectively, and with the neighbor lists
updated every five steps. Long-range electrostatics interactions were treated
using the generalized reaction field method (50) with the ionic strength set
to 0.1 M (22). Given the small deviation from electroneutrality (see Fig. 4
A), no explicit ions were included in the simulations; for an alternative
approach and discussion see Vila-Vic¸osa et al. (51). Bond lengths were con-
strained using the LINCS algorithm (52) and an integration time step of 2 fs
was used. Temperature coupling was performed with a Berendsen thermo-
stat (53), to three separate baths at 310 K, with a relaxation time of 0.1 ps
for KTP, DMPC, and water. A Berendsen pressure coupling (53) was used
with a relaxation time of 0.5 ps and a compressibility of 4.5  105 bar1.
In the membrane system, a semiisotropic pressure coupling was used with
the z pressure component set to 1 bar, and a surface tension of 25 dyn/cm
applied to the xy axes. The use of such surface tension was shown to give
the correct structural parameters (area and volume per lipid, orderBiophysical Journal 108(9) 2282–2290
2284 Magalha˜es et al.parameters, and diffusion) for a DMPC membrane using the GROMOS
53A6 force field (5). More recently, Poger et al. (54,55) introduced some
modifications into the 53A6 parameter set, which resulted in lipid bilayers
very similar to our system without the use of surface tension.FIGURE 1 Abundance of CbTyr-CaTyr-CaArg-CbArg dihedral angle of
KTP versus pH in water (A) and membrane (B). Dihedral angle
values >70 and <100 are considered cis and the rest trans. To see
this figure in color, go online.System setup
In thewater system,KTPwas built in an extended conformation and placed in
the center of a rhombicdodecahedral boxfilledwith 840watermolecules. The
system was first minimized with ~40 steps of steepest descent (56), followed
by ~104 steps using the limited memory Broyden-Fletcher-Goldfarb-Shanno
(l-BFGS) algorithm (56). The system was then initialized, first in a 50 psMD
simulation with all atoms harmonically restrained, and then in another 50 ps
with only the Ca atoms restrained, using in both cases a restraining force of
1000 KJ.mol1.nm2. This initialization process was performed for two
different startup systems, one with a protonated (ionized) N-terminal amine,
and another with a deprotonated one (neutral). In both startup systems, the C-
terminuswas deprotonated andboth side chainswereprotonated.A100ns run
was performed for each pH value in the 2–12 interval. Simulations in the pH
2–7 rangewere performed using the first startup system, whereas those in the
pH 8–12 rangewere performed using the second one. The first 5 ns of all sim-
ulations were discarded for system equilibration.
For the membrane system, we used a previously equilibrated 128 lipid
DMPC bilayer created by Machuqueiro et al. (5). The charge set used was
derived from Chiu et al. (57). KTP was placed in an extended conformation
in a tetragonal box away from the preequilibrated membrane. The box was
then filled with 5640 water molecules and the system was minimized with
~2500 steps of steepest descent, followed by ~850 steps using l-BFGS. As
previously described for the water system, this process was performed for
two startup systems. The initialization was performed in a 50 ps MD simu-
lation with all peptide and lipid atoms harmonically restrained, followed by
another 50 ps with just the lipid atoms restrained, both using a restraining
force of 1000 KJ.mol1.nm2, and finally by 50 ps without restraints. Three
replicates were performed for each pH value in the 2–12 range, each 100 ns-
long, with the first 10 ns being discarded for equilibration.General analysis
Analyses were performed using the GROMACS package and in-house
tools. The pKa values were calculated as the pH value corresponding to
the value of 0.5 of a third-order polynomial interpolation (56) over the
four average protonation values closest to midpoint titration. Structural rep-
resentations were performed using PyMOL (58), and plots using Gnuplot
(59). Statistical errors were computed using standard methods (60).FIGURE 2 c1 torsion angle of tyrosine in water (W) and membrane (M)
at pH 6 (blue) and pH 9 (yellow). To see this figure in color, go online.RESULTS AND DISCUSSION
KTP conformational analysis
KTP has a strong conformational dependence on pH in an
aqueous environment, as previously reported (23). In this
work, we evaluated how that dependence was affected by
the introduction of a lipid bilayer. When comparing the
CbTyr-CaTyr-CaArg-CbArg dihedral angle of KTP in water
and membrane (Fig. 1), we observe a high similarity be-
tween the two systems, as well as the same trend reported
by Machuqueiro et al. (5,23), namely a predominance of
the trans conformer at lower pH values, and a mixture of
cis and trans conformers as the pH increases, with a clear
predominance of cis conformers at the higher pH values.
Other conformational aspects, such as side-chain contacts,Biophysical Journal 108(9) 2282–2290are also similar in water and membrane, and show the
same trend as previously observed using an LRA approach
(Fig. S1 in the Supporting Material).
Three major populations were identified for the c1 (NTyr-
CaTyr-CbTyr-CgTyr) dihedral angle of tyrosine at 60,
60, and 180 (Fig. 2), in agreement with previous results
FIGURE 3 Fit of the 56 best structures of KTP (lines) to morphine
(sticks) obtained from water (A) and membrane (B) simulations. Carbon
atoms are depicted in white, oxygen atoms in red, and nitrogen atoms in
blue. To see this figure in color, go online.
FIGURE 4 Total titration curves of KTP (A) and titration curves of indi-
vidual KTP sites in water and membrane systems (B). To see this figure in
color, go online.
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population at c1 ¼ 60 for KTP with an ionized N-termi-
nus group in the presence of a membrane, which was noted
as a decrease of one of the populations structurally more
dissimilar to morphine and, thus, least likely to bind to
an opioid-like receptor, thereby suggesting that the
membrane could indeed help the peptide reach a con-
formation that is conducive to receptor-binding, as per
the membrane-catalyst hypothesis proposed by Sargent
and Schwyzer (38). We plotted the c1 torsion in the water
and membrane systems at pH 6 and 9 (Fig. 2), which al-
lows for a more direct comparison with the results obtained
by Machuqueiro et al. using pure states. A good agreement
with previous results can be observed, as evidenced by the
drop in the population at 60 at pH 6 (ionized N-terminus,
dark lines in Fig. 2).
As previously noted, part of KTP bears a strong struc-
tural similarity to morphine (5,23). To further observethis structural similarity, we determined the non-mass-
weighted root mean-square deviation (RMSD) between
all conformations of KTP and the structure of morphine
(PDB ID 1Q0Y (61)), using structures from all pH values,
and in both media, similar to what was previously done
(23). The atoms considered for this calculation were NTyr,
CaTyr, CbTyr, CgTyr, Cd1Tyr, Cd2Tyr, Cε1Tyr, Cε2Tyr, CzTyr,
and OhTyr, and, due to the possible rotation of the phenol
ring, two RMSD calculations were performed for each
conformation (Cd1Tyr/Cε1Tyr exchanged with Cd2Tyr/
Cε2Tyr), and the lowest value was chosen. Several cutoffs
for the RMSD were applied, and using the lowest one
(0.2 A˚) we randomly selected the best-fitting 56 structures
for both systems, to compare both media (Fig. 3). We can
observe that the structures below this cutoff, in both media,
exhibited an almost perfect overlap of the tyrosyl ring of
KTP with the morphine ring, which is the part of the struc-
ture believed to be involved in receptor recognition (5,23).
Additionally, in Fig. 3 we can see that, similar to what was
previously reported (23), no structures were found with the
arginine side chain interacting or otherwise close to the
phenol ring. This shows that extended conformations of
KTP can mimic the structural features of morphine, with
the tyrosyl moiety free of any steric interference from theBiophysical Journal 108(9) 2282–2290
TABLE 1 pKa values of the titratable sites of KTP
pKa (Water) pKa (Membrane)
N-Ter 8.0 5 0.2 7.45 0.4
Tyr 9.8 5 0.2 10.35 0.3
Arg >12 >12
C-Ter 3.7 5 0.3 4.15 0.3
2286 Magalha˜es et al.arginine side chain, as would be required for the interaction
of KTP with its opioid receptor.KTP titration
KTP was titrated by averaging the occupancy states of the
four titratable sites at each pH value over 95 ns for the water
system, and 270 ns for the membrane system (90 ns per
replicate). The total titration curves are depicted in Fig. 4
A, and the individual ones in Fig. 4 B (additional protonation
data can be found in Figs. S2–S8). We can observe that the
membrane slightly stabilizes the neutral form of the N-ter-
minus, the tyrosine residue, and the C-terminus (Fig. 4 B
and Table 1), i.e., the presence of the membrane shifts theFIGURE 5 Distance between the four titratable groups of KTP, measured usi
coordinate of the phosphorous atoms of the closest monolayer (A and C) and a sna
gray in the plot. The first plot, and corresponding snapshot (A and B), occurred in
The second plot and snapshot (C andD) occurred at pH¼ 10 and depicts both sid
shown as gray and red spheres, and phosphorous atoms are shown in orange. L
Biophysical Journal 108(9) 2282–2290pKa values of these residues to a slightly lower value, in
the case of the N-terminus, or a higher value, in the case
of the other two. The N-terminus of KTP is the main factor
influencing the global charge of the peptide at physiological
pH (23,37), and as it was previously mentioned, its proton-
ation state was shown to modulate the interaction of KTP
with a membrane (5). Despite the slightly higher stabiliza-
tion of the neutral form, our calculations show that the
pKa values of the N-terminus in water and membrane are
very similar (Table 1) which is in agreement with the obser-
vations in the LRA study of Machuqueiro et al. (5). How-
ever, whereas Machuqueiro et al. reported pKa values of
7.80 and 7.94 for the N-terminus group in water and mem-
brane, respectively, our results show that the difference in
pKa between water and membrane is slightly larger, and
that the N-terminus titrates at a lower pH value in the mem-
brane system than in water. This can be attributed to the
different methodologies used, given that the pKa values
for the model compounds are the same. In addition to this,
there is also a question of sampling. Machuqueiro et al. ex-
tracted snapshots every nanosecond for the water system
and every 0.2 ns for the membrane system, resulting inng the z coordinates of the four atoms shown in the key, and the average z
pshot (B andD) taken during the time represented by the area highlighted in
one of the replicates at pH¼ 9, and depicts an internalized arginine residue.
e chains internalized. KTP is shown as colored spheres, water molecules are
ipid tails are hidden for clarity. To see this figure in color, go online.
Constant pH MD of KTP in a Lipid Bilayer 2287450 snapshots for each system with a different protonation
state of the N-terminus, whereas we performed calculations
every 0.001 ns for the water system, and every 0.01 ns for
the membrane system, for each pH value and replicate, in
the case of the latter, resulting in a higher conformational
sampling. Overall, given the usual error magnitude in pKa
calculations using these methodologies, these results show
that both LRA and CPHMD are in good agreement.Membrane internalization
The distances between the four titratable groups of KTP and
the bilayer were measured. The z coordinates of one atom
per titratable group were used: N for the N-terminus, Oh
for tyrosine, Nε for arginine, and C for the C-terminus. As
we can observe in Fig. 5, membrane internalization of
KTP can occur through one of its residues, or both. This
is in agreement with previous simulation studies, which
have shown similar patterns of internalization (5), and also
in agreement with experimental studies that have shown
that KTP has a high partition coefficient for membranes
(37). Furthermore, the fast protonation events during the
constant-pH simulations do not seem to preclude the slower
local membrane deformations induced by KTP, which are
found to be similar to those observed in the standard MD
simulations of (5) (see Fig. S10).
We can observe in Fig. 6, that as the pH increases, the
internalization of KTP decreases, which is in agreement
with fluorescence quenching results (37). We can also
observe that the arginine residue is more deeply internalized
than tyrosine (Figs. 5 A and 6), which is in agreement with
previous studies that have shown that the internalization of
positively charged arginines into hydrophobic membraneFIGURE 6 Mean distance between the four titratable groups of KTP and
the lipid bilayer at different pH values, with corresponding errors of the
mean. The zero is defined as the average z-axis position of the phosphorous
atoms of the monolayer that is closest to the peptide. The dotted line repre-
sents the average position of the choline nitrogen atom. To see this figure in
color, go online.environments is assisted by membrane deformations and is
more energetically favorable than for arginine to lose its
proton (62,63). This is also in agreement with experimental
observations on the internalization of polyarginine peptides
in lipid membranes (64).
It was shown in the LRA study that KTP prefers to interact
with the membrane regardless of whether the N-terminus is
ionized or neutral. This stabilization of both forms (relative
to water) is corroborated by the current CPHMD study,
with KTP preferring the membrane at all pH values
(Fig. 6). The LRA study also found that the pKa value of
the N-terminus was almost identical to the one obtained in
water because, despite the large relative stabilizations of
the ionized and neutral forms (directly seen in the two mark-
edly different contributions for the LRA value; see Fig. 9 in
Machuqueiro et al. (5)), they end up roughly cancelling each
other. Again, this approximate cancellation is confirmed by
this study, which yields a pKa value that is almost identical
to the one obtained in water. As seen in Fig. 6, the interaction
of KTP with the membrane is influenced by the pH, which
suggests that the stabilization of ionized and neutral forms
is the product of the interaction with different lipid atoms.
To investigate this, we calculated the radial distribution func-
tion (RDF) between the N-terminus and each of the lipid
atoms (see Fig. 7). We found that at low pH values, when
its ionized form predominates, the N-terminus interacts pref-
erentially with the neutral carbonyl oxygen atoms in the glyc-
erol region of the lipid, whereas at high pH, when the neutral
form predominates, it prefers the charged phosphate oxygen
atoms (see Fig. 7). This might seem somewhat surprising,
showing that the formation of a charge pair is not necessarily
a good way to compensate electrostatics. These results show
that the lipid membrane is indeed able to stabilize both
ionized and neutral forms of KTP, and that the global ioniza-
tion equilibrium is not influenced by the internalization,
which as we have mentioned in the introduction, is rather un-
expected under the popular dielectric slab view.CONCLUSIONS
To our knowledge, we present the first application of our
stochastic CPHMD method to a system that includes
explicit lipid bilayers.
Regarding the conformational aspects of KTP, we found
that the peptide shows similar trends in both media, as evi-
denced by the distribution of the CbTyr-CaTyr-CaArg-CbArg
dihedral angle as a function of pH. We have also shown
that the presence of a lipid membrane affects the conforma-
tional freedom of KTP, reducing the distribution of one pop-
ulation of the c1 dihedral angle of tyrosine which, by
analogy with morphine, would be the least likely to bind
to an opioid-like receptor, in agreement with the results ob-
tained using LRA (5). These results show that the coupling
between protonation and conformation, previously studied
in detail in solvated biomolecules (20,22,65,66), is alsoBiophysical Journal 108(9) 2282–2290
FIGURE 7 Snapshots taken during the simulations (A) show the N-terminus interacting with the carbonyl or phosphate oxygen atoms of the closest DMCP
molecules in ionized and neutral KTP, respectively. RDF plots (B and C) between the N-terminus amine group of KTP and the DMPC carbonyl oxygen atoms
(B) and the phosphate group oxygen atoms (C) at several pH values. To see this figure in color, go online.
2288 Magalha˜es et al.present in membrane environments and can be modulated
through biomolecule-membrane associations. This coupling
was recently observed also for the integral membrane mol-
ecules, both in surfactant models (67,68) and a DMPC
bilayer (6).
We determined the pKa values for all four titratable sites
of KTP, and were able to measure the effect of the presence
of a membrane on the peptide. We found that although the
presence of a membrane slightly stabilizes the neutral forms
of the titratable sites of KTP, the difference between the pKa
values obtained in membrane and in water is rather small,
which indicates that the membrane is an heterogeneous en-
tity, able to stabilize both ionized and neutral forms of KTP,
which is also in agreement with results obtained using an
LRA approach.
We have also observed that KTP is able to interact with,
and insert into the lipid bilayer, as previously observed by
Machuqueiro et al. (5). This internalization occurs at all
pH values, and as observed by RDF calculations, is reduced
as the pH value increases, in agreement with experiments
(37). At low pH values, the ionized N-terminus amine group
of KTP is stabilized by the carbonyl oxygen atoms ofBiophysical Journal 108(9) 2282–2290DMPC, whereas at higher pH values, when the N-terminus
is in a neutral state, the stabilization occurs mostly through
the phosphate oxygens.
Our results show that CPHMD is a useful tool for the
study of membrane systems, and that it supports what was
previously observed using LRA, i.e., that membranes are
complex and not just homogeneous dielectric slabs and
that trying to infer pKa values from such simplified models
is not recommended.SUPPORTING MATERIAL
Ten figures are available at http://www.biophysj.org/biophysj/supplemental/
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